Cultures of primary rat dorsal root ganglia neurones were inoculated with various doses of herpes simplex virus mutants deficient in glycoproteins B, D, H, C, G, E, I or J, and the proportion of infected neurones was determined. The behaviour of these mutants on primary neurones was broadly similar to their behaviour on fibroblasts or epithelial cells. Thus, virions lacking the ' nondispensable ' glycoproteins B, D or H were incapable of infecting primary neurones, whereas mutants lacking glycoproteins G, E, I or J infected primary neurones with the same efficiency as wild-type virions. Two independently derived mutants lacking gC displayed a marginal phenotype, infecting neurones with a five-to tenfold reduced efficiency relative to wild-type virus and relative to non-neuronal cells in the same cultures. We conclude that the virion glycoprotein requirements for infection of mammalian neurones are similar to those required for infection of fibroblasts and epithelial cells but that glycoprotein C may enhance infection of neurones.
Introduction
Herpes simplex virus type 1 (HSV-1) exhibits a wide host range in vitro, but virus replication in vivo is limited primarily to cutaneous or mucosal epithelium and to innervating sensory neurones. This restriction is unlikely to be receptor-mediated because the virus occasionally spreads to the CNS, and infection of neonates can result in a disseminated disease in which a wide variety of cells and tissues is infected. Studies of the functions of HSV-1 surface proteins in virus infection, and of the receptors with which they interact, are restricted largely to fibroblasts and epithelial cells. These studies have established that glycoprotein B (gB), gD and the gH : L complex are essential for infection (Cai et al., 1988 ; Forrester et al., 1992 ; Roop et al., 1993) and this is reinforced by the observation that expression of these three proteins is both necessary and sufficient to induce cell fusion (Turner et al., Author for correspondence : Tony Minson. 1998). Glycoprotein C is reported to increase the rate of adsorption of HSV-1 to host cells and to be essential for infection of the apical surface of polarized epithelial cells (Fuller & Spear, 1985 ; Herold et al., 1991 ; Sears et al., 1991) , but gCnegative mutants of some strains of HSV-1 exhibit no discernible adsorption phenotype (Griffiths et al., 1998) , and a gC-negative mutant of HSV-2 also adsorbs normally (Gerber et al., 1995) .
Our knowledge of the receptors with which these proteins interact remains superficial. Cell surface heparin proteoglycan is required for infection (WuDunn & Spear, 1989) and it is supposed that the interaction of the heparin-binding protein gC with cell surface glycosaminoglycans constitutes an important first step in infection. However, gB also binds heparin (Herold et al., 1994) and this interaction may be of importance in adsorption or penetration. A new member of the immunoglobulin superfamily and a poliovirus receptor homologue have been identified as receptors for gD (Whitbeck et al., 1997 ; Geraghty et al., 1998) . Receptors for the gH : L complex have not been identified.
It is uncertain whether the infection of sensory neurones occurs by the same processes as infection of fibroblasts or epithelial cells. HSV-1 mutants lacking glycoproteins E, I, J or G absorb to and penetrate fibroblasts and epithelial cells normally but, in mouse infections, exhibit reduced neuro-virulence to varying degrees (Balan et al., 1994 ; Griffiths et al., 1998) . It is impossible to know whether these attenuated phenotypes reflect a specific deficiency for neuronal infection, but more detailed studies indicate that the gE and gI of HSV-1 and pseudorabies virus play an important role in neuroinvasion and, in particular, that mutants lacking these proteins fail to infect second order neurones (Card et al., 1992 ; Card & Enquist, 1995 ; Dingwell et al., 1995 ; Babic et al., 1996) . These findings raise the possibility that infection of neurones by HSV-1 might require the participation of viral glycoproteins different from, or in addition to, those required for the infection of fibroblasts or epithelial cells. The objective of the work described here was to examine the ability of a series of HSV-1 mutants, each lacking an individual glycoprotein, to infect primary sensory neurones in culture.
Methods
Viruses. All virus mutants, other than a gB-negative mutant, were constructed on an HSV-1 strain SC16 background. Mutants lacking gC (SC16-∆UL44-Z), gE (SC16-∆US8-Z), gG (SC16-∆US4-Z), gH (SC16-∆UL22-Z), gI (SC16-∆US7-Z) or gJ (SC16-∆US5-Z) each contain coding sequences disrupted by insertion of a lacZ expression cassette under the control of the CMV IE promoter. The construction of these mutants has been described elsewhere (Forrester et al., 1992 ; Balan et al., 1994 ; Griffiths et al., 1998) . A mutant lacking gD was constructed as follows : a cloned HincII fragment corresponding to nucleotides 136449-140533 contains approximately 2 kbp and 0n9 kbp, respectively, 5h and 3h of the gD coding sequence. EcoRV sites were introduced by in vitro mutagenesis at positions 138019 and 139606, corresponding to the 5h end of the gD promoter (k400 with respect to the 5h end of the transcript) and the 3h end of the coding sequence. The resulting EcoRV fragment was then excised from the plasmid and replaced with a lacZ expression cassette derived from plasmid MV10 (Forrester et al., 1992) . The resulting plasmid was co-precipitated with HSV-1 SC16 DNA and transfected into VD60 cells , which supply gD in trans. Progeny expressing β-galactosidase were purified by plaque picking followed by limiting dilution. The resulting virus was named SC16gDdel-Z. The predicted genome structure of the Us region was confirmed by restriction digestion and hybridization. As predicted from previous work Davis-Poynter et al., 1994) infection of Vero cells with this virus resulted in the production of single β-galactosidase-positive cells which were unable to transmit infectivity to neighbouring cells.
We failed to construct a gB-negative LacZ + virus on a background of HSV-1 SC16 and resorted to using a mutant based on the HFEM strain. This was constructed using a genomic KpnI fragment (nucleotide 52737-57438) and inserting the lacZ expression cassette into the SnaB1 site at nucleotide 54269, in the central region of the gB coding sequence. This plasmid was co-transfected with HSV-1 HFEM DNA into the gB helper cell line D6 (Cai et al., 1988) and a LacZ + recombinant virus was isolated. The resulting isolate, HFEM-∆UL27-Z, was helper celldependent and produced no detectable gB in Vero cells infected at an m.o.i. of 3.
HSV-1 SC16-C3b contains the same lacZ expression cassette used in all other mutants inserted within the LAT locus (Lachmann & Efstathiou, 1997) . The growth of this virus in vitro and during acute infection in vivo is indistinguishable from the parent (S. Efstathiou, personal communication). SC16-C3b was used as a β-galactosidase-positive surrogate for wild-type virus in most experiments.
All cells were grown in Glasgow modified Eagle's medium supplemented with 10 % bovine foetal serum. Wild-type virus and replication competent mutants were propagated and assayed on BHK-21 cells. The gH-negative and gB-negative mutants were grown on the helper cell lines CR1 and D6 respectively (Cai et al., 1988 ; Boursnell et al., 1997) . The gD-negative mutant was isolated using the VD60 helper cell line , but propagation of the mutant on these cells resulted in the generation of contaminating gD + LacZ − progeny, presumably due to recombination. A gD helper cell line was, therefore, constructed which contained no gD flanking sequences in common with the mutant. The gD promoter and coding sequence (nucleotides 138019-139606) was isolated as an EcoRV fragment as described above and ligated to the CMV IE polyadenylation sequence (j2757 to j3053 with respect to the IE transcript start) derived from plasmid MV10. This cassette was inserted into plasmid pSP73 (Promega) and was co-transfected into Vero cells with plasmid pcDNA-3 (Invitrogen). Transfected cells were selected by growth in G418 and individual colonies were tested for their ability to support the growth of a gD-negative virus. A clone of cells was identified and named Vero gD + \19. Production of virions lacking gB, gD or gH was achieved by infection of BHK cells with the relevant mutant at an m.o.i. of 3. The progeny viruses were quantified by particle counting using the electron microscope.
Preparation of primary rat sensory neurones. Newborn (day 1-3) Wistar rats were killed by decapitation and the entire spinal column dissected to yield 30-40 dorsal root ganglia from levels C1 to L6. The ganglia were suspended in Ham's F14 medium containing 4 % Ultroser-G (Gibco) and treated with 200 µg\ml collagenase types IV and XI (Sigma) for 2 h at 37 mC. The cells were mechanically dissociated by pipetting and the suspension centrifuged at 200 g for 15 min. The pellet was washed twice in Ham's medium and centrifuged through 15 % BSA in Ham's medium to remove debris. The cells were then preplated twice for 15 min on plates coated with 0n5 mg\ml type VII rat tail collagen to reduce the non-neuronal cell population.
Cultures were established on 13 mm glass coverslips which were pretreated for 1 h with 0n5 mg\ml poly--ornithine in water and for 1 h with 10 µg\ml laminin in Ham's F14 medium. Each coverslip received 1000 cells in 100 µl Ham's F14 medium containing 4 % Ultroser-G, 2 mM glutamine, 1n25 µg\ml penicillin and streptomycin, 20 ng\ml nerve growth factor (2n5S mouse NGF, Boehringer) and 50 µM 5-fluoro5hdeoxyuridine to prevent growth of mitotic cells. After 3 h a further 200 µl of the same medium was added. Cultures were used after 3 or 4 days after neurite outgrowth had occurred.
Histochemical detection. Cultures were fixed with 4 % paraformaldehyde in PBS at room temperature for 15 min and cells were permeabilized with 0n1 % Triton X-100 in PBS at room temperature for 5 min. The cultures were then blocked by incubation for 30 min in 10 % horse serum and 15 % BSA in PBS. Neurones were identified by staining with mouse anti-human β-tubulin type III (Sigma) followed by Cy3-conjugated donkey anti-mouse IgG or by staining with rabbit anti-mouse neurofilament 200 (Sigma) followed by Cy2-conjugated goat anti-rabbit IgG. Infected cells were detected by staining with a mixture of monoclonal antibodies LP2 and AP2, against gD and VP5 respectively (McLean et al., 1982) . Cells infected with viruses expressing β-galactosidase were detected by staining with X-Gal.
Results

Characterization of the cultures
After 4 days the cultures exhibited extensive neurite outgrowth and phase contrast examination suggested that a (Fig. 1) . Analysis of infected cultures, therefore, required double staining for virus antigens (or β-galactosidase) and neurone-specific antigens. Staining for β-tubulin gave a stronger signal and was used in all instances where infection was detected by staining for β-galactosidase. This method could not be used in conjunction with virus antigen detection because the anti-viral antibodies were also monoclonal mouse reagents. Preliminary experiments showed that after infection, virus antigens and β-galactosidase could first be detected after about 3 h, and that the proportion of total cells, and of neurones, scoring positive for infection reached a maximum after 7 h. After 24 h the cells were rounded and had begun to detach. An input of more than 10& p.f.u. was required to approach 100 % infection, corresponding to an m.o.i. of greater than 100. Multiplicity of CEAF N. Babic and others N. Babic and others infection values are, however, of doubtful significance because the cells were very sparsely plated and the majority of the coverslip surface was available for non-specific binding of virions.
To establish that mutant SC16-C3b could be used as a LacZ + surrogate for wild-type virus, parallel cultures were infected with various doses of strain SC16 or SC16-C3b. After 7 h cultures infected with SC16 were stained for virus antigens and cultures infected with SC16-C3b were stained for virus antigens or β-galactosidase. Neurones were identified by staining for neurofilament 200 (in cultures stained for virus antigens) or β-tubulin (in cultures stained for β-galactosidase). The proportion of neurones infected was then determined in each culture. Table 1 shows the combined results of two experiments and establishes that SC16-C3b and the parent virus, SC16, infect neurones with equal efficiency. In all subsequent experiments SC16-C3b was used as a surrogate for wild-type virus.
Attempts to infect with mutants lacking ' nondispensable ' glycoproteins
Virions lacking gB, gD or the gH : L complex are unable to infect fibroblasts or epithelial cells in culture but, to our knowledge, it has not been established that these proteins are essential for the infection of neurones. Virions lacking each of these proteins were prepared by growth of the relevant mutant in BHK cells and the yield of progeny measured by particle counting. Duplicate neuronal cultures were inoculated with 10( enveloped particles lacking gB, gD or gH (a dose which would correspond to approximately 2i10& p.f.u. of wild-type virus) or with 5i10% p.f.u. SC16-C3b, and the cultures were stained for β-galactosidase after 13 h. No β-galactosidase- (317) 34 (256) 98 (128) 86 (264) 80 (232) 27 (277) Infected cells and neurones were identified as described in the legend to Table 2 . Cultures were fixed and stained 7 h after inoculation. , Not done. (204) 77 (98) 27 (174) 6 (124) 99 (284) 84 (253) 92 (197) 29 (297) 6 (246) 99 (265) 90 (198) 78 (142) 29 (243) positive cells were found in any of the cultures inoculated with mutant virions, whereas the cultures infected with SC16-C3b exhibited extensive staining. Glycoproteins B, D and H are, therefore, required for the infection of neurones.
CEAG
Infection with virions lacking dispensable glycoproteins
Virions lacking glycoproteins C, E, G, I or J are infectious and previous studies with strain SC16 mutants lacking these glycoproteins showed that their particle to infectivity ratios were indistinguishable from that of the wild-type parent, whether infectivity was measured on BHK cells or on polarized epithelial cells (Balan et al., 1994 ; Griffiths et al., 1998) . To determine whether any of the proteins play a significant role in the infection of neurones, cultures were infected with increasing doses of each mutant or with SC16-C3b, and after 7 h the cultures were stained for β-galactosidase expression and for β-tubulin. In these experiments the ' input ' inoculum is based on p.f.u. measured in BHK cells, but since the particle to infectivity ratio (as measured on BHK cells) of each mutant is similar, the inocula contain equivalent numbers of virions. Table 2 gives the outcome of an experiment in which multiple cultures were infected with each mutant and the proportion of neurones staining positive for β-galactosidase was determined 7 h after infection. The results show that replicate cultures give reasonably reproducible results and that virions lacking gE, gG, gI or gJ infect neurones with similar efficiency to SC16-C3b. Virions lacking gC infected neurones with somewhat reduced efficiency. It is difficult to place a value on this reduction in efficiency, but it appears that five to ten times as many gC-negative virions are required to achieve a comparable proportion of infected neurones. Infection of neurones by gCnegative viruses and SC16-C3b was compared in a second set of cultures, but the outcome was scored 13 h after infection. Table 3 shows that similar results were obtained. To verify that this phenotype was due to the engineered mutation and not to a fortuitous mutation elsewhere in the genome a second independent gC-negative mutant was constructed using the N. Babic and others N. Babic and others (152) 72 (204) 42 (167) 38 (168) 23 (218) 96 (164) 71 (144) 42 (106) 31 (264) 18 (125) 96 (106) 68 (181) 41 (227) 34 (160) 14 (197) 96 (147) 72 (141) 46 (226) 30 (92) 12 (183) 99 (104) 74 (174) 48 (202) 31 (323) 12 (196) 98 (103) 78 (128) 49 (167) 23 (302) 16 (189) 99 (140) 76 (152) 46 (254) 22 (250) 13 (192) 99 (123) 74 (163) 42 (123) 35 (365) 12 ( (198) 95 (225) 55 (272) 42 (201) 17 (224) 
99 (104) 92 (255) 51 (230) 52 (291) 15 (222) 99 (106) 92 (223) 54 (245) 47 (261) 17
99 (135) 90 (209) 53 (430) 38 (177) 19 (159)
99 (113) 88 (281) 49 (295) 46 (211) 18 (194) 99 (127) 92 (236) 45 (217) 41 (181) 17 (196) same method (SC16-∆UL44-ZB). This mutant was then used to infect further cultures and also exhibited a reduced ability to infect neurones (Table 4) . We thought it possible that the culture conditions, rather than neurone susceptibility, might be responsible for the reduced infectivity of gC-negative virions. For example, gC-negative virions might absorb more efficiently to the poly--ornithine\laminin-coated coverslips. The cultures used to obtain the data in Table 4 were therefore reexamined and scored for the proportion of β-galactosidasepositive non-neuronal cells. The results (Table 5) were ambiguous. Firstly, the proportion of infected cells in relation to virus dose is not consistent with a Poissonian distribution, implying that all cells are not equally infectible. This is hardly surprising given the mixture of cell types likely to be present. Secondly, the gC-negative virions appear to infect slightly less efficiently than SC16-C3b virions, though the difference is not as great as that observed when infection of neurones was scored.
Discussion
The purpose of this study was to find whether infection of neurones by HSV might involve the function of viral membrane proteins other than those required for the infection of epithelial cells or fibroblasts. Given the number of proteins in the viral envelope and the fact that several have no known function, it seemed possible that some of the proteins might play a role in infection of neurones, and we therefore examined the ability of mutant virions, lacking individual viral glycoproteins, to infect primary neuronal cultures. It should be noted that with the exception of SC16gDdel-Z, which contains no gD coding sequences, each of the mutants contains glycoprotein coding sequences disrupted by a β-galactosidase expression cassette such that partial N-terminal translation products can be produced which are terminated by stop codons in all three reading frames within the expression cassette. It is impossible to be certain that these partial gene products are devoid of biological function, but in each instance they lack the sequence responsible for membrane anchoring and we therefore assume that these products cannot be incorporated into the envelopes of progeny virions. The main conclusion of this paper is that infection of neurones appears to require the same subset of glycoproteins that has been identified as essential for infection of other cell types. Thus, virions lacking gD, gB or gH were non-infectious for neurones whereas virions lacking gI, gE, gG or gJ infected neurones with the same efficiency as wild-type virus, an outcome similar to that observed on fibroblasts or epithelial cells.
We observed that two independent mutants lacking gC infected neurones with a lower efficiency (of about five-to tenfold) than wild-type virus, whereas these mutants have specific infectivities which are indistinguishable from wild-type on BHK, Vero and epithelial cells (Griffiths et al., 1998) . We regard this reduced efficiency as marginal, particularly since the same mutants exhibited a slightly lower efficiency of infection of non-neuronal cells in the same culture. Nevertheless, our results support those reported recently by Immergluck et al. (1998) who found that gC-negative mutants exhibited an entry defect on primary chick neurones.
It is worth noting that our results do not rule out a role for CEAI gG, gE, gI or gJ in infection of neurones in vivo. In these circumstances viruses must enter sensory nerve endings from epithelium at the site of infection, whereas, in culture, the entire neuronal body and neurite surface is available for infection. Nevertheless, the results reported here, together with the reported phenotype of the mutants in mice (Balan et al., 1994) , argue against a role for these glycoproteins in infection of first order neurones.
